INTRODUCTION
============

Abnormal deposition of α-synuclein is a key pathological feature of α-synucleinopathies, such as Parkinson\'s disease (PD) \[[@B1][@B2]\]. Past studies have established strong relationship between α-synuclein aggregation and disease onset and progression of PD \[[@B3][@B4]\]. Several mechanisms have been suggested as to how accumulation of α-synuclein induced neurodegeneration. These include inhibition of vesicle recycling, blocking of endoplasmic reticulum transport, impairment of mitochondrial energy production, and disruption of protein degradation process \[[@B3]\]. These mechanisms assume cell-autonomous pathogenic actions of α-synuclein in neurons. On the other hand, non-cell-autonomous actions of α-synuclein through modulation of glial cells has only begun to attract interests.

α-synuclein is a typical neuronal cytosolic protein; however, recent studies revealed the presence of some α-synuclein in extracellular space, such as cerebrospinal fluid, serum, and brain interstitial fluid \[[@B5][@B6][@B7]\]. Various forms of unconventional exocytosis, such as exosome-associated exocytosis and exophagy, have been suggested as mechanisms of neuronal α-synuclein secretion \[[@B8]\]. When secreted, extracellular α-synuclein can be transferred to neighboring neurons and glia, inducing cytotoxicity and pathological propagation in neurons \[[@B9][@B10]\] and causing neuroinflammation in glial cells \[[@B11][@B12]\].

Neuroinflammation is one of the key pathological features of many neurodegenerative diseases including PD \[[@B13]\]. Microglia, a brain resident immune cell, plays central role in the process of neuroinflammation \[[@B13][@B14][@B15]\]. Microglia can be activated by various types of stimuli, including brain injury, ischemia, and inflammatory stimuli \[[@B16]\]. When activated, microglia produces proinflammatory cytokines, chemokines, intracellular reactive oxygen species (iROS), and nitric oxide (NO), and therefore, chronic activation of miroglia could create a microenvironment where neurodegeneration is favored \[[@B17][@B18]\].

Although awareness of importance of glial changes is increasing, the mechanism of glial activation in the pathogenic processes remains largely unknown. Our previous study showed that neuron-released α-synuclein triggered pro-inflammatory activation of microglia through the interaction with TLR2 \[[@B12]\]. Herein, we investigated the effects of α-synuclein-induced microglial activation on neurodegeneration and the role of TLR2 in the microglia-mediated neurotoxicity.

MATERIALS AND METHODS
=====================

Animals and genotyping
----------------------

Sprague-Dawley rats and C57BL/6 mice were obtained from Samtako (Osan, Korea). TLR2-deficient mice were purchased from Oriental Bioservice (Kyoto, Japan) \[[@B19]\]. The animal use protocol was approved by Konkuk University\'s Animal Care and Use Committee. Genotypes of mice were analyzed by PCR using the following primers; for wild type TLR2: a + b and for TLR2-deficiend (Neo): b + c. a: 5\'-GTT TAG TGC CTG TAT CCA GTC AGT GCG-3\'. b: 5\'-TTG GAT AAG TCT GAT AGC CTT GCC TCC-3\'. c: 5\'-ATC GCC TTC TAT CGC CTT CTT GAC GAG-3\'.

Cell culture and reagents
-------------------------

All-trans retinoic acid and Lipopolysaccharides (LPS) were purchased from Sigma Aldrich (St. Louis, MO). Maintenance and differentiation of SH-SY5Y human neuroblastoma has been previously described \[[@B20]\]. Rat and mouse primary neuron and microglia were cultured as described previously \[[@B12]\].

Preparation of conditioned medium
---------------------------------

Preparation of neuronal α-synuclein conditioned media (αSCM) and β-galactosidase conditioned media (LZCM) have been previously described \[[@B12]\]. As previously reported, αSCM contains l.06 ± 0.371 µg/ml of α-synuclein \[[@B12]\]. In this study, primary neurons and microglia were treated with approximate 5.3 µg/ml of α-synuclein ([Fig. 1A](#F1){ref-type="fig"}).

To generate microglial conditioned medium (MgCM), rat and mouse primary microglia were treated with DMEM, LZCM, αSCM, or LPS (1 µg/ml) for 1 hour, then washed for 4 times with phosphate buffered saline. After a 6-hour post-incubation with fresh neurobasal medium, the culture medium were collected and centrifuged to remove cell debris at 10,000 × g for 10 minutes.

Neuronal toxicity analysis
--------------------------

Three different assays have been used to determine neurotoxicity in this study; axonal bleb analysis, neuronal cell body counting, and cell viability assay. Briefly, rat cortical primary neurons were treated with DMEM, LZCM, αSCM, LPS (1 µg/ml), or various types of MgCM for 24 hours. The numbers of axonal blebs were counted in 50 randomly chosen neurons for each experiment. Total numbers of neuronal cell body were analyzed in 10 randomly chosen areas (1 mm^2^) for each experiment. Microscopic analyses of neurons were performed using FV10-ASE 1.7 software (Olympus, Tokyo, Japan). Cell viability was determined by CyQUANT cell proliferation assay kit (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instruction.

Statistical analysis
--------------------

InStat (GraphPad) was used for all statistical analyses. Statistical significances of data were determined using one-way ANOVA. All data are presented as means ± s.e.m.

RESULTS
=======

Neuron-released α-synuclein induces microglia to secret neurotoxic agents
-------------------------------------------------------------------------

To investigate the non-cell-autonomous neurotoxic effects of α-synuclein, we generated conditioned media from resting and activated primary microglia after pre-treating these cells with neuronal conditioned media. Rat primary microglia were treated with DMEM, conditioned medium from LacZ-expressing differentiated SH-SY5Y cells (LZCM), conditioned medium from α-synuclein-expressing differentiated SH-SY5Y cells (αSCM), or LPS (1 µg/ml). Conditioned media from the pre-treated microglia were named DMEM-MgCM, LZCM-MgCM, αSCM-MgCM, and LPS-MgCM, respectively. These MgCMs were treated to rat primary neurons for 24 hours (MgCM+). As controls, neurons were directly treated with DMEM, LZCM, αSCM, or LPS (MgCM-) ([Fig. 1A](#F1){ref-type="fig"}).

Neurodegeneration was determined by the formation of axonal bleb and the loss of neuronal cell bodies. Direct treatment of neuron-released α-synuclein slightly increased the numbers of axonal bleb ([Fig. 1B, C](#F1){ref-type="fig"}) and the loss of cell bodies ([Fig. 1B, D](#F1){ref-type="fig"}), while treatments of DMEM and LZCM did not induce cytotoxicity ([Fig. 1B\~D](#F1){ref-type="fig"}). On the other hand, treatment of MgCM from αSCM-exposed microglia strikingly increased the numbers of axonal bleb formation ([Fig. 1B, C](#F1){ref-type="fig"}) and the loss of neuronal cell bodies ([Fig. 1B, D](#F1){ref-type="fig"}). Treatment of LPS-MgCM also clearly increased the numbers of axonal bleb and the cell body loss. These results suggest that microglia produces and secrets neurotoxic agents in response to extracellular α-synuclein exposure and LPS.

TLR2-mediated microglial neurotoxicity triggered by neuron-released α-synuclein
-------------------------------------------------------------------------------

Our previous study demonstrated that oligomeric forms of neuron-released α-synuclein can be recognized by TLR2 on the surface of microglia, thereby inducing microglia activation though the TLR2 signaling cascade \[[@B12]\]. To validate the role of TLR2 in αSCM-induced microglial neurotoxicity, we generated MgCMs using wild-type (WT-mMgCM) and Tlr2-deficient (Tlr2^-/-^-mMgCM) mice microglia. Primary mouse microglia were treated with LZCM, αSCM, or LPS (LZCM-mMgCM, αSCM-mMgCM, or LPS-mMgCM), then the medium were treated to the rat primary neurons for 24 hours. As controls, LZCM, αSCM, and LPS were directly treated to the rat primary neurons. Similar to the results obtained from rat MgCMs, mMgCMs acquired from wild-type mice microglia significantly increased the formations of axonal bleb and cytotoxicity after exposed to αSCM and LPS ([Fig. 2B-D](#F2){ref-type="fig"}). In contrast, LZCM-mMgCM from both wild-type and Tlr2^-/-^ mice did not show neurotoxic effect ([Fig. 2B-D](#F2){ref-type="fig"}). Interestingly, the microglial neurotoxicity induced by αSCM exposure was completely abrogated by Tlr2 gene depletion, while LPS-induced microglial neurotoxicity was not affected ([Fig. 2B-D](#F2){ref-type="fig"}). These results suggest that neuron-released α-synuclein can exert its neurotoxic effects in a non-cell-autonomous manner through the activation of microglial TLR2.

DISCUSSION
==========

Most studies have focused on the direct, cell-autonomous neurotoxic effects of neuronal α-synuclein. Recently, however, discovery of extracellular α-synuclein and increased interests in glial contribution to PD pathogenesis prompted us to investigate the role of microglia in non-cell-autonomous neurotoxic action of α-synuclein and the mechanism of the action \[[@B21]\]. In the present study, we show indirect mechanism of neurotoxicity of neuronal α-synuclein, in which neuron-secreted α-synuclein activates microglia leading to the secretion of neurotoxic agents from microglia in a TLR2-dependent manner. Neuron-released α-synuclein indeed showed a slight neurotoxicity on its own. However, the indirect toxic pathway through microglial activation produced much bigger neurotoxic effect than the direct toxic pathway. Therefore, these results suggest that microglia may amplify the neurotoxicity of extracellular α-synuclein through triggering neuroinflammation processes.

It remains to be determined which secreted microglial agents mediate neurotoxic effects of activated microglia. Our previous study demonstrated that microglia exposed to neuron-released extracellular α-synuclein produced iROS, NO, and various types of cytokines, such as TNFα, IL-1β, and IL-6 \[[@B12]\]. Considering the fact that the microglial neurotoxicity can be transferable via conditioned medium, it is unlikely that such labile molecules as ROS are responsible for the toxicity. It would be more reasonable to assume that the secreted cytokines or other macromolecules mediate the toxic effects of microglia. Furthermore, studies have shown that microglia-derived inflammatory molecules, such as TNFα, IL-1β, IL-6, and NO contributed to the acceleration of dopamine neuron degeneration \[[@B22][@B23][@B24]\]. Determination of the microglial toxic agents that are secreted upon α-synuclein treatment would be an important next step towards identification of the therapeutic target.

TLR2 is a key innate immune receptor belong to pattern recognition receptors \[[@B25]\]. Recent studies have revealed the relation between TLR2 and PD \[[@B12][@B26]\]. Studies with post-mortem brains have shown an elevation of microglial TLR2 expression in striatum, hippocampus, and substantia nigra of PD patients \[[@B27][@B28]\]. In addition to PD patients, the expression of microglial TLR2 was increased in an animal model of PD overexpressing human α-synuclein \[[@B28][@B29]\]. Our previous study suggested that TLR2 was the receptor for neuron-released oligomeric α-synuclein and mediated microglial inflammatory responses \[[@B12]\]. As a result of the activation, microglia produced neurotoxic byproducts, such as proinflammatory cytokines, NO, and iROS \[[@B12]\]. These effects were eliminated when α-synuclein was removed from the neuronal conditioned medium, indicating that α-synuclein was the principal substance eliciting the inflammatory responses through TLR2. In the current study, we also experimentally validated non-cell-autonomous neurotoxicity of neuron-released α-synuclein through TLR2-dependent microglial activation. Previous studies had also suggested TLR-mediated microglial activation \[[@B30][@B31]\]. However, our current study is different from the previous ones in two important aspects. First, the previous studies investigated the roles of TLRs in proinflammatory responses of microglia, whereas our current study went on to the next step and showed the neurotoxic consequence of TLR-mediated microglial activation. The aforementioned studies did not examined neurotoxicity of activated microglia. Second, the previous studies used recombinant α-synuclein proteins, while our study used natural α-synuclein proteins secreted from neuronal cells. The latter point is important because we had shown that neuron-secreted α-synuclein interacts only with TLR2 but not with TLR3 or TLR4, and that recombinant α-synuclein fibrils are not capable of activating TLR2 \[[@B12]\], suggesting that the recombinant protein acts differently from the natural neuron-derived α-synuclein. Therefore, our current study does not overlap with the previous two studies. Furthermore, recent study suggested that neuronal TLR2 regulates autophagy in neurons in such a way that TLR2 activation inhibits autophagy leading to accumulation of α-synuclein aggregates \[[@B26]\]. Therefore, blocking TLR2 function might be a potential approach towards developing therapy for PD ([Fig. 3](#F3){ref-type="fig"}). In conclusion, we demonstrated that neuronal α-synuclein can exert its neurotoxic effects through the indirect, non-cell-autonomous manner, which involves activation of microglia via TLR2 activation.

This work was supported by the National Research Foundation (NRF) grant funded by the Korean Government (MEST) (No. 2015R1A2A10052540, 2015R1A2A1505366) and by the Education and Research Encouragement Fund of Seoul National University Hospital (to S.-J.L.); and the NIH grants (AG18440, AG043384, and NS057096) and Hillblom grant (2014-A-012-NET) (to E.M.)

![Microglial neurotoxicity by neuronreleased α-synuclein. Rat primary neurons were treated with various types of conditioned medium for 24 hours. (A) Experimental scheme. (B) Representative images; DMEM, LZCM, αSCM, and LPS treated neurons (upper panels) and DMEM-MgCM, LZCM-MgCM, αSCM-MgCM, and LPS-MgCM treated neurons (lower panels). (C) The numbers of axonal blebs formations. (D) The loss of neuronal cell bodies. All data were analyzed by one-way ANOVA. Error bars represent the s.e.m. ns; not significant; ^\*^p\<0.05; ^\*\*\*^p\<0.001. Scale bar, 10 µm.](en-25-113-g001){#F1}

![TLR2-dependent microglial neurotoxicity. Rat primary neurons were treated with various types of conditioned medium from wild-type and Tlr2^-/-^ mice microglia for 24 hours. Cells were also directly treated with LZCM, αSCM, and LPS as controls. (A) Genotype analysis. (B) Representative images; LZCM, αSCM, and LPS treated neurons (upper panels), LZCM-WT-mMgCM, αSCM-WT-mMgCM, and LPS-WT-mMgCM treated neurons (middle panels), and LZCM-Tlr2^-/-^-mMgCM, αSCM-Tlr2^-/-^-mMgCM, and LPS-Tlr2^-/-^-mMgCM treated neurons (lower panels). (C) The numbers of axonal bleb formations. (D) Neuronal cell viability analysis. All data were analyzed by one-way ANOVA. Error bars represent the s.e.m. ns; not significant; ^\*\*\*^p\<0.001. Scale bar, 10 µm.](en-25-113-g002){#F2}

![Model for non-cell-autonomous neurotoxicity of neuron-released α-synuclein. Neuron-released α-synuclein interacts and activates TLR2 on the surface of microglia. Activation of the TLR2 signaling pathway induces proinflammatory responses in microglia, which releases neurotoxic agents, such as pro-inflammatory cytokines and chemokines. This model suggests that the interaction between TLR2 and α-synuclein is a potential therapeutic target for PD.](en-25-113-g003){#F3}
